A nationwide rubella epidemic occurred from 2012 to 2013 in Japan, resulting in around 17,000 rubella cases and the birth of 45 infants with congenital rubella syndrome. The aim of this study was to genetically characterize the rubella viruses (RVs) circulating around the time of the epidemic in Japan. In total, 221 RV strains detected from 14 prefectures in Japan between 2010 and 2014 were sequenced in the 739 nucleotide-window region within the E1 gene. The virus strains were chronologically and geographically characterized into groups based on phylogenetic analysis. Among the 221 strains analyzed, 192 (87%), 26 (12%), and 3 (1%) strains were classified into genotypes 2B, 1E, and 1J, respectively. The majority (n = 184) of the genotype 2B strains belonged to lineage 2B-L1 and shared nucleotide homology with the strains detected in Southeast and East Asian countries. Phylogenetic analyses demonstrated that at least six distinct clusters of RV strains (clusters 1-6) induced outbreaks in Japan between 2010 and 2014. Among them, strains from clusters 3, 4, and 6 circulated almost simultaneously during 2012-2013. The cluster 3 strains circulated locally, whereas strains from cluster 4 spread nationwide. The findings suggest that RVs were introduced into Japan many times from neighboring countries. The 2012-2013 epidemic was a complex of outbreaks induced by at least three clusters of RV strains.
INTRODUCTION
Rubella is caused by infection with rubella virus (RV) and usually presents as a mild illness characterized by low-grade fever, a short-lived morbilliform rash, and lymphadenopathy (Reef and Plotkin, 2012) . The most serious concern with this disease is that the infection to pregnant women early during their pregnancy may result in miscarriage, stillbirth, or infants born with birth defects known as congenital rubella syndrome (CRS).
The live-attenuated rubella vaccines available at present are highly effective in preventing and controlling CRS as well as rubella (Reef and Plotkin, 2012) . In Japan, a single-dose rubella vaccination was introduced into the national immunization program, targeting girls in junior high schools in 1977 (Saitoh and Okabe, 2014) . From 1989, children aged 12-72 months were able to receive measles vaccination using a domestic measles, mumps, and rubella combination vaccine, however, the vaccine was withdrawn in 1993 due to the relatively high incidence of meningitis caused by the mumps component (Ueda et al., 1995) . In 1995, the targets of the rubella vaccination were changed to include boys and girls aged 12-90 months. Additionally, boys and girls in junior high schools were also included to the targets as a temporary measure. However, the vaccination coverage at this generation was lower than 60% (Ministry of Health, Labor, and Welfare, Japan, 2017). In 2006, a two-dose vaccination of 1-to 2-and 5-to 7-year-old children using a measles and rubella combination vaccine (MR vaccine) was introduced. Furthermore, to ensure immunization against both diseases among adolescents, a catch-up MR vaccination was implemented targeting two cohorts, those aged 12-13 and 17-18 years between 2008 and 2013. The assessment of population immunity against rubella as part of the National Epidemiological Surveillance of Vaccine-Preventable Diseases program showed that children and adolescents aged 2-24 years old and adult females had ≥90% population immunity against rubella as of 2012 (Tuberculosis and Infectious Diseases Control Division, Ministry of Health, Labor, and Welfare, Japan, and Infectious Disease Surveillance Center, National Institute of Infectious Diseases, 2015). However, up to 25% of adult males remained susceptible to rubella, in particular those in their 30s to 50s, because they had not received rubella vaccination by the routine immunization program. Since case-based surveillance of rubella started in 2008 in Japan, a low number of rubella cases were reported before 2011. However, the nationwide epidemic that occurred in 2012-2013, resulting in reports of approximately 17,000 rubella cases (Tanaka-Taya et al., 2013; Saitoh and Okabe, 2014; Ujiie et al., 2014; National Institute of Infectious Diseases, and Tuberculosis, and Infectious Diseases Control Division, Ministry of Health, Labor, and Welfare, Japan, 2015, 2016) . Associated with this epidemic, a total of 45 CRS cases were reported in 2012-2014. This epidemic mainly affected males in their 30s to 50s, who had not received rubella vaccination by the routine immunization program, and males and females in their 20s, whose vaccination coverage was relatively low despite getting an opportunity to receive one or two dose rubella vaccination. The total of these demographic groups accounted for about 80% of the rubella patients in 2013.
RV belongs to the genus Rubivirus in the family Togaviridae (Hobman, 2013) . The virion is enveloped by a lipid membrane and possesses a positive-sense single-stranded RNA genome of approximately 9.8-kb. The genome contains two openreading frames that encode the non-structural proteins, p150 and p90, and the structural proteins, C, E2, and E1. The envelope glycoprotein E1 is involved in receptor binding (Cong et al., 2011) and membrane fusion (DuBois et al., 2013; Dube et al., 2014) and is the predominant antigen eliciting neutralizing or hemagglutination-inhibiting antibodies (Wolinsky et al., 1991) .
The Global Vaccine Action Plan 2011-2020 endorsed by the World Health Assembly in 2012 indicated that measles and rubella were targeted for elimination in at least five World Health Organization (WHO) regions by 2020 (The Decade of Vaccine Collaboration, 2012). The surveillance of RV using molecular analysis is recognized to be important for characterizing circulating viruses in endemic countries, confirming the disappearance of endemic strains at the eliminating or eliminated stage, and tracing the transmission of newly imported strains. The Global Measles and Rubella Laboratory Network encourages genetic classification based on analysis of a 739-nucleotide window region within the E1 gene for virological surveillance (Mulders et al., 2016) . RV strains are classified into two large clades, 1 and 2, that are further divided into 10 (1a, 1B, 1C, 1D, 1E, 1F, 1G, 1H, 1I, and 1J) and three genotypes (2A, 2B, and 2C), respectively (WHO, 2013b) . At present, most of the currently circulating wild-type RV strains belong to one of only four genotypes (1E, 1G, 1J, and 2B), with genotypes 1E and 2B RV strains being frequently detected worldwide (Abernathy et al., 2011; WHO, 2013b; Mulders et al., 2016; Rivailler et al., 2017) . Sub-division of these genotypes has been proposed to improve the resolution of genetic classification (Rivailler et al., 2017) .
In this study, we genetically characterized the 221 RV strains detected around the time of the 2012-2013 epidemic in Japan to provide insight into the epidemiology of these strains.
MATERIALS AND METHODS
Nucleotide Sequencing of the 739-Nucleotide Window Region within the E1 Gene Between 2010 and 2014, clinical samples (including throat swab, blood, and urine) from suspected rubella and CRS patients were collected from patients in 14 prefectures (Hokkaido, Miyagi, Ibaraki, Tokyo, Chiba, Kanagawa, Toyama, Aichi, Osaka, Hyogo, Kagawa, Shimane, Fukuoka, and Kumamoto) and sent to local or national laboratories to detect RV as part of the national infectious agents surveillance program. Criteria for the sample collection from suspected cases with rubella or CRS varied by local government but all the samples sent to the laboratories were analyzed in principle. Samples positive for RV were subjected to nucleotide sequencing of the WHOrecommended 739-nucleotide window region within the E1 gene (nucleotides 8731-9469) as follows. Briefly, the cDNA was synthesized using a commercial reverse transcription kit and random hexamers as primer and extracted viral RNA as template. The nucleotide region containing the 739-nucleotide window was amplified as two overlapping fragments by nested-PCR (fragment 1: nucleotides 8664-9129, fragment 2: nucleotides 9070-9492). For amplification of fragment 1, the first PCR primer set (E1-2F: 5 -AGC GAC GCG GCC TGC TGG GG-3 and E1-2R: 5 -CCA GCG CGT ATG TGG AGT CC-3 ) and the nested PCR primer set (E1-6F: 5 -ACA CCG TGA TGA GCG TGT TC-3 and E1-10R: 5 -ATG TGG AGT CCG CAC TTG CG-3 ) were used. For amplification of fragment 2, the first PCR primer set (E1-7F: 5 -AGC GAC GCG GCC TGC TGG GG-3 and E1-12R: 5 -TGT GTG CCA TAC ACC ACG CC-3 ) and the nested PCR primer set (E1-3F: 5 -CGG CGA GGT GTG GGT CAC GC-3 and E1-3R: 5 -ACC CGC GCG CTC GCG CGA TC-3 ) were used. After purification of these fragments, the nucleotide sequences were determined by a fluorescent dyeterminator cycle sequencing method using the primers E1-6F or E1-10R and E1-3F or E1-3R for fragments 1 and 2, respectively. The nucleotide sequences of the two fragments were assembled to obtain the whole sequence of the 739-nucleotide window region. The nucleotide sequences of RV strains determined in this study were submitted to the GenBank database under the accession numbers indicated in Supplemental Table 1 .
Phylogenic Analysis
Phylogenetic analysis of the sequence data obtained in this study, together with those of the genotype reference strains (WHO, 2013b), the proposed lineage reference strain candidates (Rivailler et al., 2017) , and representative strains detected in other countries (Supplemental Tables 2, 3) , was conducted using the MEGA program version 6.0.6. Phylogenetic trees were constructed by the maximum-likelihood method using the Tamura-Nei model (Tamura and Nei, 1993) . The reliability of the tree at each branch node was assessed by the bootstrap method with 1,000 replicates. The genotype of RV strains was determined based on the phylogenetic tree topology constructed with the genotype reference strains (WHO, 2013b) . 
RESULTS

Genotyping of RV Strains Detected in Japan between 2010 and 2014
To characterize the RV strains circulating around the time of the 2012-2013 epidemic, the nucleotide sequences of the 739-nucleotide window region of 221 strains detected from rubella (n = 216) and CRS patients (n = 5) in 14 prefectures between 2010 and 2014 were determined and analyzed ( Tables 1, 2 ). The number of analyzed RV strains in each prefecture was not necessarily proportionate to the number of rubella and CRS cases. The clinical background was available for 97.7% of the rubella patients (n = 211). The distribution of them by gender and age are indicated in Genotyping analysis indicated that these virus strains were classified into one of three genotypes, 1E, 1J, and 2B. The majority (n = 192; 87%) of these virus strains were of genotype 2B, with only 12% (n = 26) belonging to genotype 1E. The genotype 1J strains (n = 3) were only detected until 2011.
Phylogenetic Tree Analysis of the Genotype 2B Strains
Phylogenetic tree analysis was conducted using a dataset comprising the nucleotide sequences of the genotype 2B strains detected in Japan between 2010 and 2014 (n = 192) and representative 2B strains detected from 20 countries or regions (n = 56, Supplemental Table 2 ) (Figure 1) . Almost all of the strains detected in Japan were classified into two lineages, 2B-L1 and 2B-L2c. Of the genotype 2B strains, 96% (n = 184) belonged to lineage 2B-L1, which was comprised strains detected in seven countries or regions (mainland China, Hong Kong, Vietnam, Malaysia, Thailand, Iran, and United Kingdom) mainly in Southeast and East Asia, suggesting that the majority of RV strains detected in Japan originated from these areas ( Figure 1A) . Lineage 2B-L2c comprised strains that originated in Europe, Africa, and Asia ( Figure 1A) .
In the phylogenetic tree, the RV strains detected in Japan predominantly formed five distinct clusters (clusters 1-5), which were supported by over 40% of bootstrap values (Figures 1A-D) . The RV strains of clusters 1 and 2 were mainly detected in 2010 and 2011, whereas those of clusters 3, 4, and 5 were detected from 2012 to 2014. The initial strain within cluster 4 (RVs/Yokohama.JPN/17.12/) was detected from an imported case from Thailand ( Figure 1D) . Two strains detected from imported rubella cases from Japan (RVs/Ontario.CAN/14.13/ and RVs/Hawaii.USA/17.13/) belonged to cluster 4, which was consistent with the epidemiological information ( Figure 1D ).
Phylogenetic Tree Analysis of the Genotype 1E Strains
Phylogenetic analysis using a dataset consisting of nucleotide sequences from the genotype 1E strains detected in Japan between Data from the rubella patients unavailable for their clinical background (n = 7) and the CRS patients (n = 5) were excluded.
2010 and 2013 (n = 26) and representative 1E strains detected in other countries or regions (n = 35, Supplemental Table 3) showed that the strains detected in 2010-2011 and those in 2012-2013 were classified into different lineages (Figure 2) . The genotype 1E strains detected in Japan between 2010 and 2011 did not form distinct clusters but were included in lineage 1E-L1, which comprised strains detected in, or imported from, China, Taiwan, Hong Kong, and Russia. The genotype 1E strains detected in Japan between 2012 and 2013 belonged to lineage 1E-L2, which comprised strains detected in, or imported from, Malaysia, Hong Kong, Indonesia, and Kazakhstan, and almost all of these strains formed "cluster 6, " which was supported by 69% of the bootstrap values.
Time Course of Detection of the Strains within Different Genetic Clusters
Phylogenetic analyses demonstrated that RV strains within at least six distinct genetic clusters (clusters 1-6) induced outbreaks in Japan between 2010 and 2014. Figure 4 shows the detection rates of the RV strains among different genetic clusters by prefecture between 2010 and 2014. The cluster 4 strains were detected in all seven prefectures where multiple RV strains were reported, suggesting that the RV strains were distributed throughout Japan. By contrast, the cluster 3 strains, the second largest group, were predominantly detected in Hyogo and Aichi prefectures and detection was limited in other prefectures, suggesting that this type of RV strain did not spread nationwide.
Geographic Distribution of the Strains of Different Genetic Clusters
DISCUSSION
In Japan, a single dose rubella vaccination was first introduced to the routine vaccination program targeting to girls in junior high schools in 1977, however, this program could not sufficiently control endemic circulation of rubella with large epidemics occurring in cycles of about 5 years (Katow, 2004b) . To overcome this situation, a single-dose rubella vaccination program and subsequently a two-dose MR vaccination program were introduced targeting both male and female children and adolescents. Following the introduction of these programs, the number of rubella and CRS cases dramatically decreased in Japan, with the lowest annual number of rubella cases (n = 87) being achieved in 2010. Because there has been limited genotype information on RV strains in Japan prior to 2010, it was unclear which endemic strains had previously been circulating (Katow, 2004a) . The original strains used to produce the Japanese domestic vaccine, which belonged to genotype 1a, were isolated in the 1960s, and genotype 1D and 1J strains were detected in the 1990s and 2000s, respectively (Katow, 2004a; Otsuki et al., 2011; WHO, 2013b) . In this study, no RV strains of genotype 1a wildtype or 1D were detected, and only three strains of genotype 1J were detected up until 2011, suggesting that transmission of these genotype strains had already been interrupted in Japan.
Most of the RV strains detected in Japan between 2010 and 2014 were classified into either genotype 2B or 1E. This is similar to the reported global situation (Abernathy et al., 2011; Tran et al., 2012; Cheng et al., 2013; WHO, 2013b; Zhu et al., 2015; Mulders et al., 2016; Rivailler et al., 2017) . The global convergence of currently circulating RV genotypes makes it difficult to distinguish imported strains from endemic strains and to understand the control status of RV in each country according to genotyping data alone. To overcome this, several studies have conducted sub-division of genotypes 2B or 1E based on detailed phylogenetic analyses, although this modified classification system has not yet been FIGURE 2 | Phylogenetic tree of the genotype 1E RV strains. The phylogenetic tree was constructed using the maximum likelihood method and was based on the sequence of the 739-nucleotide-window region within the E1 gene. Bootstrap values greater than 40% are shown adjacent to the corresponding nodes. Circles colored in blue, green, orange, and red indicate the strains detected in Japan in 2010, 2011, 2012, and 2013, respectively standardized (Zhu et al., 2012 (Zhu et al., , 2015 Cheng et al., 2013; Rivailler et al., 2017) . Rivailler et al. (2017) analyzed the largest sample of worldwide RV strains investigated to date, both genetically and geographically, and proposed precise sub-grouping of genotypes 1E, 1G, and 2B, indicating reference strain candidates for each sub-group. In the present study, we analyzed and classified RV strains detected in Japan between 2010 and 2014 according to this sub-grouping. Almost all of the strains analyzed were classified into one of four different lineages, 1E-L1, 1E-L2, 2B-L1, or 2B-L2c. The majority of strains belonged to lineage 2B-L1, for which member strains were frequently reported in Southeast and East Asian countries (Tran et al., 2012; Cheng et al., 2013; Zhu et al., 2015; Rivailler et al., 2017) . Before the epidemic in Japan, 2B-L1 strains were already circulating in these regions between 2006 and 2010 (Tran et al., 2012; Cheng et al., 2013) and caused a huge outbreak in 2010-2011 in Vietnam (Pham et al., 2013) . It was also reported that such strains had been introduced into and spread around mainland China prior to 2011 (Zhu et al., 2015) . The rapid spread of RV strains in neighboring countries preceded the introduction of this type of RV strain into Japan. In addition, there were reports that RV strains of the lineages 1E-L1 and 1E-L2 were also circulating in East and Southeast Asian countries (Cheng et al., 2013; Zhu et al., 2015; Rivailler et al., 2017) . The RV strains detected in Japan between 2010 and 2014 displayed a variety of genetic backgrounds (i.e., three genotypes, four lineages, and several clusters), suggesting that these strains had been introduced from multiple sources, likely from neighboring countries. Some of countries in the WHO Western Pacific and South-East Asian regions had not introduced a rubellacontaining vaccine into the national immunization program by 2014 (Grant et al., 2015) .
Routine immunization coverage of the rubella-containing vaccine during the fiscal years 2011-2013 was ≥92% in two cohorts (National Institute of Infectious Diseases, and Tuberculosis, and Infectious Diseases Control Division, Ministry of Health, Labor, and Welfare, Japan, 2015) and population immunity against rubella in Japan was over 90% among children (boys and girls) and adult females in 2012 (Tuberculosis and Infectious Diseases Control Division, Ministry of Health, Labor, and Welfare, Japan, and Infectious Disease Surveillance Center, National Institute of Infectious Diseases, 2015). However, an immunization gap still remained for adult males, particularly those aged in their 30s to 50s who had not received rubella vaccination through the routine immunization program (Tanaka-Taya et al., 2013; Saitoh and Okabe, 2014; Ujiie et al., 2014) . As a result of this situation, the introduction of a new RV strain might result in sporadic or small outbreaks, however, it is possible that large outbreaks, such as those seen in 2012-2013, could occur when RV spreads among adult males. This is a result of the policies of many countries including Japan to target rubella vaccination to only adolescent girls or women of childbearing age with the aim of preventing CRS in newborns (Reef and Plotkin, 2012) . In these countries, it is thought that filling the immunization gap by introducing supplementary immunizations targeting susceptible populations is required for the maintenance of rubella control or elimination. Furthermore, strengthening rubella vaccination and surveillance on a global scale may be important to interrupt global circulation of these viruses.
According to the framework for verifying elimination of measles and rubella by the Strategic Advisory Group of Experts for measles and rubella (WHO, 2013a) , endemic RV transmission is defined as the existence of continuous transmission of indigenous or imported RV that persists for ≥12 months in any defined geographic area. In terms of this definition, it is likely that RV strains within the clusters 3, 4, and 6 have become current endemic strains in Japan because all have been detected for ≥12 months. For verification of rubella elimination in Japan in the future, interruptions in transmission of these strains will need to be confirmed by effective surveillance systems.
The limitation of the present study is that the number of strains analyzed represented approximately 1 per 80 rubella or CRS cases and the sampling was biased to some degree by geographic area. However, our findings provide an overview of the genetic epidemiology of the 2012-2013 rubella epidemic in Japan that will be useful when devising domestic and global strategies for rubella elimination.
